Unsaturated fatty acids having structural features which are different from those of the monoenoic acids normally synthesized by Escherichia coli can serve as growth factors for an auxotroph requiring unsaturated fatty acids. These analogues were incorporated into the phospholipids, as shown by gas-liquid and thin-layer chromatographic analysis of the phospholipid fatty acid composition. Some of these fatty acids were cisA5-and cis-A'-tetradecenoic, cis-,A"-eicosenoic, cis, ciA-jA '14-eicosadienoic, cis,cis,cis-A"14,17-eicosatrienoic, trans-,A'-and trans-A"1-octadecenoic acids. Although partial degradation of some of these analogues to shorter even-chain homologues occurred, chain elongation of the exogenous fatty acids was not detected. Trans-olefinic acids were utilized without stereochemical or positional isomerization. These studies provide a basis for exploring the properties of the fatty acids and phospholipids required for the formation, structure, and function of membranes.
hydroxydecanoyl thioester dehydrase which is responsible for the formation of cis-A3-decenoylacyl carrier protein (ACP). The latter compound is the first unsaturated fatty acid intermediate in the sequence of conversions leading to cis-A9-hexadecenoic and cis-All-octadecenoic acids, the long chain monoenoic acids found in the cell (15) .
The present investigation concerns the specificity of the unsaturated fatty acid requirement of the mutant. This requirement has been examined by using a variety of analogues as growth supplements. These replacements were chosen so that their structures differed, in one or more features, from the unsaturated fatty acids synthesized in wild-type E. coli K-12. It is hoped that a controlled alteration in bacterial fatty acid composition will make possible a clearer understanding of the role of the apolar residues of phospholipids in biological structure and function.
MATERIALS AND METHODS
Chemnicals. cis-A9-Tetradecenoic, cis-A9-hexadecenoic, cis-A9-octadecenoic, trans-A9-hexadecenoic, trans-Y9-octadecenoic, cis-A5-eicosenoic, 1 2-hydroxy cis-,A9-octadecenoic, and branched-chain and straightchain saturated fatty acids, all >990/,, were obtained from Applied Science Laboratories, State College, Pa. The following fatty acids were products, all >99%c, of the Hormel Institute, Austin, Minn.: cis-A5-tetradecenoic, cis-Al"-octadecenoic, trans-All-octadecenoic, cis-All-eicosenoic, cis-A6-octadecenoic, cis-A'3-docosenoic, cis-A15-tetracosenoic, cis, cis-All 14 eicosadienoic, and cis, cis,cis-A"l '417-eicosatrienoic acids. We purchased 9 and 10 (mixture) monohydroxyoctadecanoic acid (>98%) from K and K Laboratories, Plainview, N.Y.; cis,cis-A912-octadecadienoic acid (>99%;) was purchased from Mann Research Laboratories, New York, N.Y.; and decenoic acid (79%c trans-A2-, 11%Ccis-A3-, and 10%
Cis-zA2-) was purchased from Aldrich Chemical Co., Milwaukee, Wis. We received 9,10-methylene octadecanoic acid (90%/0) as a gift from John Law of the University of Chicago; 2-hydroxyoctadecanoic (>95%) and D(-)9-hydroxyoctadecanoic (>99%c) acids were gifts of James Mead of the University of California, Los Angeles. Ethyl cis-A9-octadecenoate was prepared from cis-A9-octadecenoic acid by use of a solution of 2%, H2SO4 in ethyl alcohol. The reported purities of all these fatty acids were independently confirmed by gas-liquid chromatography (GLC), except for Cis-A9 12-octadecadienoic acid which was not checked. In addition, about 80 ,ug of the methyl esters of cis-All-eicosenoic, cis, cis-A"' 14-eicosadienoic, cis, cis, cis-A", 14. 17-eicosatrienoic, trans-A9-octadecenoic, trans-All-octadecenoic, cis-,A9-octadecenoic, and cis-All-octadecenoic acids were chromatographed on thin-layer chromatography plates (TLC) containing 10% silver nitrate (as described below for separation of fatty acid stereoisomers). These fatty acid esters migrated as single spots with appropriate RF values. Tween 40 was generously supplied by Atlas Chemical Industries, Wilmington, Del. 1658 FATrY ACID REPLACEMENTS IN E. COLI Bacteria. E. coli K-12 strain Hfr 139 and an unsaturated fatty acid auxotroph derived from it were used in this study and have been described previously (18) .
Growth conditions. Cultures were grown at 37 C, in a New Brunswick shaker model G-25, in medium E (21) containing a 0.2%7 carbon source, 2 X 10-6 M pantothenate, 1.7 X 10-6 M thiamine, and 0.00001% yeast extract. For Characterization offatty acids. Fatty acid compositions were determined by GLC in a model 402 instrument (F & M Scientific Corp., Avondale, Pa.) with 6-ft glass columns using helium as the carrier gas. Nonpolar fatty acids were identified by their retention times, as compared to that of standard compounds, after GLC of the methyl esters over 10% diethylene glycol succinate on Chromosorb W (DEGS-CW). To detect the presence of hydroxy fatty acids in the extracts, a 4-ft glass column containing 3.8%o silicone rubber on Diatoport S was used. The stereochemistry of the ethylenic bond was established by TLC of fatty acid methyl esters derived from the phospholipid fraction on silica gel G containing 10% silver nitrate with choloroform-ethyl alcohol (0.75%) as solvent (1) .
Fatty acid esters were visualized under UV light after spraying the plate with DCF. Appropriate regions of the plate were scraped and eluted with ethyl ether. The extracts were concentrated to dryness and were re-extracted with petroleum ether to eliminate DCF. Composition and mass of the recovered material were determined on the GLC. Position of the double bond was determined by oxidative cleavage (5) . Analysis of the dimethyl ester of the dicarboxylic acid product was made on DEGS-CW and on 15%o Apiezon L on Chromosorb P in the GLC.
RESULTS
Properties of norma 1 constituents. cis-A9-Hexadecenoic and cis-All-octadecenoic acids and their cyclopropane derivatives are the unsaturated fatty acids found in wild-type E. coli K-12 ( Table  1 , column I). These two homologues, 16 and 18 carbons long, respectively, have a cis ethylenic bond in the center of the hydrocarbon chain. Table 1 columns II and III will be discussed below.
Growth of the mutant strain on glycerol plus a monoenoic acid normally found in the wildtype organism, that is, cis-A9-hexadecenoic or cis-A"l-octadecenoic acid, resulted in the incorporation of the fatty acid into the cellular lipids and phospholipids (Table 1 , columns IV and V). It should be pointed out here that in E. coli the lipid is predominantly phospholipid and, in particular, PE (10) . Although all the results are not shown in Table 1 , the fatty acid composition of the total lipid extracts and the phospholipid fraction appeared to be identical in the several cases examined (Table 1 , columns V, VII, IX). In addition, the fatty acid pattern obtained from PE was generally similar to that of the whole phospholipid fraction taken from the same culture (Table 1 , cf. columns V and VI). It can be seen that cis-ZA9-hexadecenoic acid was not elongated by the organism to cis-A1l-octadecenoic acid. On the other hand, a small part of cis-Alloctadecenoic acid was degraded to cis-A9-hexadecenoic and was incorporated into the phospholipids (18) . cis-zA9-Octadecenoic acid, which has features of both normal structures, is equally well utilized by the cell ( source. e V, VII, and IX are fatty acids from a phospholipid fraction (identical composition found on analysis of total lipid extract).
f VI is a fatty acid composition of PE. g Cyclopropane derivative. VII). Furthermore, preformed cyclopropane acid is a suitable structure for growth and is incorporated into phospholipids (Table 1 , column IX). This latter unsaturated fatty acid derivative is normally formed during late log and stationary growth phase by methylation of the unsaturated fatty acid residues of phospholipids (11) .
Growth rates of the wild-type strain and of the mutant organism utilizing different supplements are compared in Table 2 . The mutant growth rate was 67% of that of the parent organism when unsaturated fatty acids of normal structure were provided as growth factors ( (Table  3) . Positional variation of the ethylenic bond, particularly with respect to the methyl terminus, is compatible with the growth promoting ability (Table 3 , parts A and B). When the double bond is not at the 9,10 or 11,12 positions from the carboxyl terminus (Table 3 , part C), the appearance of visible growth is delayed and the extent of growth is diminished, despite concentrations permitting full growth on other supplements. On the other hand, although the extent of growth was not changed with cis-A9-tetradecenoic acid, in which the ethylenic bond is at the normal distance from the carboxyl terminus (Table 3 , part B), growth rate was diminished (Table 2, part C). a Growth rates were obtained at 37 C with 15 ml of medium in 300-ml nephelo culture flasks (Bellco Glass, Inc., Vineland, N.J.). Cultures were inoculated with about 5 X 105 cells per ml, and optical densities were subsequently followed in a Klett colorimeter at 660 nmj. In all cases, the carbon source was glycerol.
b Part A refers to cultures containing unsaturated fatty acid supplements of "normal" structure; parts B and C refer to cultures utilizing analogues of these "normal" structures.
No growth was obtained with decenoic (A2 and A3 mixture), cis-A5-eicosenoic, cis-Au3-docosenoic, cis-A'I5-tetracosenoic, or the ethyl ester of cis-A9-octadecenoic acid. The fatty acid composition of the phospholipids from cells grown on cis-Az-tetradecenoic and cis-L1l-eicosenoic acids is illustrated in Table 4 , columns I and II, respectively. Tetradecenoic acid was incorporated as such, without elongation. A small amount of the monoenoic acid was converted to a fraction having a retention time compatible with that calculated (with C17-and C19-cyclopropane standards) for 9,10-methylene tetradecanoic acid. Eicosenoic acid was also incorporated, but here growth may equally well have resulted from the cis-A9-octadecenoic acid, which arises by partial degradation of the eicosenoic acid. A very small fraction (2%/o) was found with a retention time of C,gcyclopropane.
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Utilization of polyunsaturated supplements.
Polyunsaturated fatty acids possessing one ethylenic bond at position 9 or 11 relative to the carboxyl terminus are suitable substrates for growth. Thus, cis , cis-A11 4-eicosadienoic and cis,cis,cis-_A1& 14, 7-eicosatrienoic were incorporated into the phospholipids of the mutant (Table 4 , columns III and IV). There was moderate degradation to shorter even-chain homologues. There were no peaks suggesting formation of cyclopropane derivatives from these polyunsaturated acids. cis, CiS-_A9 12-Octadecadienoic acid supported growth, and the fatty acid compositions from the total lipid extracts of cultures grown at 26 and 37 C are shown in Table 4 aFatty acids derived from phospholipids of 15-ml cultures grown on the following carbon sources: (1) glycerol + trans-A9-octadecenoic acid (as supplement); (2) glycerol + cis-All-octadecenoic acid (as supplement); (3) glycerol + trans-All-octadecenoic acid (as supplement); (4) cis-A9-octadecenoic acid; (5) trans-A9-octadecenoic acid. (Table 6 ). In addition, unsaturated and saturated fatty acids derived from wild-type cells cultured under these conditions have essentially the same specific radioactivity (18) .
Examination of Tables 1 and 4 shows that the percentage of unsaturated fatty acids, including cyclopropane derivatives, recovered from the phospholipids of the mutant is generally lower than that found in the wild type (52 to 55 %). The unsaturated plus the cyclopropane fatty acids comprise 36 to 46% of the total composition when normal monoenoic acids are provided as supplements for mutant growth. The most striking changes in unsaturated plus the cyclopropane fatty acid content are seen when the unsaturated fatty acid requirement is supplied by 9,10-methylene octadecanoic acid (16%) or by most of the replacements described in Table 4 (e.g., cis-A9-tetradecenoic acid, 13%).
There is a relative increase in tetradecanoic acid that accompanies the decrease in unsaturated fatty acids. The conditions used for the preparation and isolation of the fatty acid esters would result in considerable loss of dodecanoic acid The fatty acid composition of the phospholipids from the E. coli mutant shows a relative deficiency in unsaturated fatty acid residues when compared to that of the wild-type organism. This deficiency could be reflected in an insufficient synthesis of PE species containing two unsaturated fatty acids. A specific requirement for such a PE molecule has been demonstrated for the galactosyl transferase reaction involved in lipopolysaccharide synthesis of Salmonella typhimurium (17) . There is no direct evidence that the lipopolysaccharide synthesis is disturbed in the unsaturated fatty acid mutant. However, the auxotroph, in contrast with its parent strain, has a markedly rough colonial morphology. Such a morphology is reminiscent of rough S. typhimurium strains, in which a decrease of 0 antigens (responsible for smooth character) results, in some cases, from impaired lipopolysaccharide synthesis (2, 8) . It is possible that some equivalent antigens account for the smooth character of the wild-type E. coli strain, and that the conversion to rough morphology in the mutant reflects a disturbance similar to that observed in some S. typhimurium strains.
These studies with fatty acid substitutions will be extended to explore the involvement of the phospholipids in the structure, fornation, and functions (e.g., transport, energy metabolism, and nucleic acid synthesis) of the membrane. The technical assistance of Valerie Collins in the preparation of this manuscript is gratefully acknowledged.
